Ubiquitin-mediated proteolysis is an integral part of diverse cellular functions, and of the three enzymes involved in linking ubiquitin to protein targets, the E3 ubiquitin ligases are of particular interest as they confer substrate specificity during this process. The E3 ubiquitin ligases can be categorized based on mechanism of action and on the presence of specific domains such as RING, HECT, F-box, and U-box. In plants, the U-box family has undergone a large gene expansion that may be attributable to biological processes unique to the plant life cycle. For example, there are 64 predicted plant U-box (PUB) proteins in Arabidopsis, and the biological roles of many of these have yet to be determined. Research on PUB genes from several different plants has started to elucidate a range of functions for this family, from self-incompatibility and hormone responses to defence and abiotic stress responses. Expression profiling has also been used as a starting point to elucidate PUB function, and has uncovered a strong connection of PUB genes to various stress responses. Finally, some PUB proteins have been linked to receptor kinases as upstream activators, and downstream target substrates are also starting to emerge. The mechanisms of action range from the observation of mono-ubiquitination during non-proteolytic signalling to directed regulation of proteasomal components during stress responses, and cell death appears to be a theme underlying many PUB functions.
Introduction
With the reliance of plant growth and development on the ability of plants to sense and respond to environmental and endogenous signals, the network of interactions required to co-ordinate the appropriate response to stimuli perception is expectedly complex. Amongst the intricacy, besides the obvious necessity of transmission of the signal, is the regulation of the signal transduction pathway itself. What has significantly emerged as an important post-translational process during the modulation of eukaryotic signalling pathways responding to developmental cues or to adapt to environmental stress has been ubiquitin-mediated proteolysis. This modification process has gained even further attention in plants because of the considerable increase in ubiquitin-proteasome system-related genes that have been identified in several plant genomes (reviewed in Smalle and Vierstra, 2004; Stone and Callis, 2007) .
In the ubiquitin-proteasome (Ub-26S) pathway, a cascade mediated by three sequential ubiquitination enzymes governs the selective ubiquitin ligation. This multi-step system begins with ubiquitin, a highly conserved polypeptide with 76 amino acids. It is activated through an ATP-dependent formation of thiol-ester linkage between the ubiquitin's C-terminus (glycine residue) and the reactive site (cysteine residue) in an E1 ubiquitin-activating enzyme. The thiol-ester-linked ubiquitin is then transferred to the active site of an E2 ubiquitinconjugating enzyme. Next, an E3 ubiquitin-ligase enzyme interacts with both the ubiquitin-carrying E2 enzyme and a specific protein to mediate, directly (E2-to-E3-to-substrate) * To whom correspondence should be addressed: E-mail: d.goring@utoronto.ca ª The Author [2009] . Published by Oxford University Press [on behalf of the Society for Experimental Biology]. All rights reserved. For Permissions, please e-mail: journals.permissions@oxfordjournals.org or indirectly (E2-to-substrate), the transfer of the activated ubiquitin to the targeted protein. The ubiquitin is linked through a stable isopeptide bond between a C-terminal glycine residue in ubiquitin and a lysine residue in the target. Multiple rounds of conjugation add more ubiquitin to yield a target with chains of poly-ubiquitin. Finally, the polyubiquitinated target proteins are escorted to the last step in the ubiquitin-proteasome pathway, the 26S proteasome, a large complex comprised of a 20S proteolytic core flanked by two cap-like 19S regulatory particles each with lid and base substructures. After the 19S regulatory particle recognizes the poly-ubiquitination, the protein is then guided into the base to be unfolded and subjected to protease activities in the hollow core, resulting in its degradation into small peptides and ubiquitin moieties that are subsequently released and scavenged for reuse by the cell (reviewed in Smalle and Vierstra, 2004) .
The abundance of proteins with sequence homology to known components of the ubiquitin-proteasome pathway in the predicted Arabidopsis thaliana proteome illustrates how important this selective protein degradation system is in plants. It has been postulated that more than 5% (>1300 genes) of the Arabidopsis genome encodes main components that function in the Ub-26S pathway. These include 16 ubiquitin genes, two E1 activating enzyme genes, at least 45 E2 and E2-like conjugating enzyme genes, 23 20S core protease genes, and 31 19S regulatory particle genes, along with other factors such as deubiquitinating enzymes. The remaining >1200 genes encode for E3 ubiquitin ligase components (reviewed in Smalle and Vierstra, 2004) . The large number of E3 ubiquitin ligase genes relative to other Ub pathway-related genes in Arabidopsis and other eukaryotes is indicative of the importance of the E3 ubiquitin ligase step during the tightly directed selectivity of the ubiquitin-proteasome pathway. As the enzyme that interacts with the targeted protein, the diverse E3 ligases in eukaryotes are considered to be the factors conferring specificity to the ubiquitination process. As a consequence, these proteins are of high interest to researchers interested in studying the regulatory roles of E3 ligases during organism growth and development. What distinguishes plant E3 ubiquitin ligases from other eukaryotes is the expansion in their numbers (Patterson, 2002) . Thus, while regulated protein degradation has clearly emerged to be an important developmental step during eukaryotic form and function, the high number of E3 ligases in plants fosters the idea that plants have greatly enhanced the use of protein turnover as a means of actively and precisely modulating the complex interactions behind plant responses during growth and development.
The diversity of the E3 ubiquitin ligases can be divided into various families based on their mechanism of action and on the presence of other specific HECT, RING, or U-box domains (reviewed in Smalle and Vierstra, 2004; Stone and Callis, 2007) . As the most recently discovered class of E3 ligases, U-box E3 ubiquitin ligases are categorized based on a conserved ;70 amino acid U-box motif originally identified in the yeast UFD2 protein (Koegl et al., 1999; reviewed in Hatakeyama and Nakayama, 2003) . Sequence and predicted secondary structure analyses revealed that the U-box was a modified RING-finger domain, despite the lack of the scaffold-stabilizing, zincchelating cysteine and histidine residues characteristically conserved in the RING domain (Aravind and Koonin, 2000) . Other intramolecular interactions, such as salt bridges and hydrogen bonds, are proposed to replace the RING's zinc-cysteine-histidine co-ordination to stabilize the U-box scaffold (Aravind and Koonin, 2000) . U-box proteins do function as E3 ubiquitin ligases and indirectly mediate ubiquitin ligation by simultaneously docking both the Ub-loaded E2 enzymes and the targeted substrates (Jackson et al., 2000; Hatakeyama et al., 2001) .
Expansion of the U-box gene family in plants
Unlike the RING and HECT domain E3 ligases, where the numbers of these predicted genes are relatively the same between eukaryotic species, a significantly larger number of U-box containing genes are predicted in various plant genomes (Patterson, 2002) . In comparison to the 2 and 21 U-box genes identified in the yeast and human genomes, respectively (Koegl et al., 1999; Hatakayama et al., 2001; Ohi et al., 2003) , 64 U-box genes have been predicted in the Arabidopsis genome (Azevedo et al., 2001; Wiborg et al., 2008) , and 77 have been annotated in the rice genome . This evolution of expanded plant U-box (PUB) proteins may indicate not only their importance in governing cellular processes that are specific to plants, but also the wide range of functional involvement these proteins could have as part of regulated plant growth and development.
The U-box containing proteins found in plants can be further classified on the basis of other domains present (Azevedo et al., 2001; Andersen et al., 2004; Mudgil et al., 2004; Samuel et al., 2006; Wiborg et al., 2008) . At 64%, the largest class of plant U-box proteins in Arabidopsis is the ARM domain-containing PUB proteins ( Fig. 1 ; Mudgil et al., 2004; Samuel et al., 2006) , and the majority of PUB proteins with any elucidated biological functions have been from this subclass of PUB E3 ligases. In general, the PUB-ARM proteins display the presence of C-terminally located, tandemly-repeated ARM motifs ( Fig. 1 ; Samuel et al., 2006) . Despite each individual ARM motif having significant sequence divergence, there is a conserved tri-helical secondary structure that, all together, are generally accepted to fold into the superhelical structure that is predicted to form a specific protein interaction domain (Huber et al., 1997) . At 23%, the next significant classification of Arabidopsis PUB proteins is the kinase domain-containing members ( Fig. 1 ; Wiborg et al., 2008) . Smaller subfamilies are represented by other predicted domains such as WD40 repeats and the MIF4G motif (Fig. 1) . AtPUB49 is the sole PUB gene in Arabidopsis with a C-terminal cyclophilin-like domain and belongs to the 29-member molecular chaperone Cyp protein family in Arabidopsis (Cyp65; He et al., 2004) . This domain is implicated in conferring the PPIase (peptidylprolyl cis-trans isomerase) activity that is needed for proper protein folding ( Fig. 1 ; Barik, 2006 ). AtPUB49's cis to trans isomerization of proline peptide bonds (and chaperone activity) has been determined in vitro (Wiborg et al., 2008) . AtCHIP is the only plant U-box protein with a biological role described to date that is not a PUB-ARM protein and is characterized by the presence of three tandem tetratricopeptide repeats (TPR) ( Fig. 1 ; Yan et al., 2003) . Like the ARM repeat domain, the TPR repeats are also thought to be involved in protein-protein interactions (Blatch and Lassle, 1999) .
The conserved nature of the U-box domain has permitted easy searches within an individual protein sequence or entire sequence databases to identify proteins that can be classified under this U-box E3 ubiquitin ligase family. And the commercial availability of E1 and E2 enzymes and ubiquitin has allowed the assessment of the E3 ligase activity for any putative U-box protein using an in vitro ubiquitination assay. In relative comparison to the identification and confirmation of plant U-boxes as E3 ligases, the next relevant step in elucidating their biological function is much more complex: whether an alteration in phenotype can be derived from loss-of-function and/or gain-of-function mutations or whether a phenotypic mutant of interest is mapped back to a U-box containing protein. Finding the regulatory roles associated with PUB functions has revealed the importance of directed-ubiquitination and protein degradation in many interesting processes in plants (summarized in Table 1 ).
Regulatory roles during self-incompatibility and pseudo-self-compatibility
The first PUB protein to be functionally characterized in plants was Brassica napus ARC1 (Arm Repeat-Containing 1), a member of the PUB-ARM family. Extensive work has characterized ARC1 to have E3 ligase activity that acts as a positive regulator of the Brassica self-incompatibility response (Stone et al., 1999 (Stone et al., , 2003 . The first evidence for such a role was uncovered through the antisense suppression of ARC1 in the stigma which resulted in selfincompatible pollen adhering and germinating to allow pollen tube penetration through the stigma (Stone et al., 1999) . In this system, the signal initiating the response is the allele-specific male component, the SP11/SCR pollen coat protein (Schopfer et al., 1999; Takayama et al., 2000) , binding to the female component, the plasma membranebound S Receptor Kinase (SRK), found in the stigmatic papillae (Kachroo et al., 2001; Takayama et al., 2001) . SRK activation initiates the signalling cascade, along with the M Locus Protein Kinase, to prevent fertilization by any selfpollen (Takasaki et al., 2000; Silva et al., 2001; Murase et al., 2004; Kakita et al., 2007) . As part of this cascade, ARC1 binds to SRK and functions downstream of the activated SRK (Gu et al., 1998; Stone et al., 1999 Stone et al., , 2003 . The involvement of ubiquitin-mediated proteolysis in this response was confirmed with the U-box dependent colocalization of ARC1 with subunits of the proteasome, the increase in ubiquitinated proteins in the pistil following self-incompatible pollinations, and the breakdown of Samuel et al. (2006) , and Wiborg et al. (2008) ; or identified by SMART (smart.embl.heidelberg.de). Protein domains are as indicated: U, U-box domain; UND, U-box N-terminal domain; ARM, Armadillo repeat; kinase, Ser/Thr kinase domain; WD40, WD40 repeat; MIF4G, MIF4G domain (ARM repeat-type fold); TPR, tetratricopeptide repeat; PPIase, peptidyl-prolyl isomerase. The AtPUB54/56 predicted proteins are related to the kinase domain group (Wiborg et al., 2008) . See text for further details and references.
self-incompatibility upon treatment with proteasomal inhibitors (Stone et al., 2003) .
The Arabidopsis thaliana PUB protein with the highest sequence homology to BnARC1 is AtPUB17. However, AtPUB17 does not appear to be a functional orthologue, given that Arabidopsis thaliana is a self-compatible plant and that AtPUB17 is much more broadly expressed (BnARC1 is exclusively expressed in the stigma; Gu et al., 1998) . As well, Arabidopsis plants with AtPUB17 knocked out have shown phenotypes that are unrelated to plant reproduction (described in more detail below; Yang et al., 2006) . Nonetheless, a self-incompatibility response has been induced in Arabidopsis thaliana with the introduction of self-incompatible Arabidopsis lyrata SCR and SRK genes, although the response can be transient when these genes are introduced into different Arabidopsis thaliana ecotypes (Nasrallah et al., 2002 (Nasrallah et al., , 2004 . Interestingly, one of the genes implicated in this pseudo self-compatibility phenomenon is AtPUB8 where a correlation was found between increased AtPUB8 expression and increased SRK mRNA levels, implicating AtPUB8 as a regulator of SRK transcript levels (Liu et al., 2007) .
Connections to plant hormone responses
Similar to the discovery of ARC1, the potato (Solanum tuberosum ssp. andigena) PHOR1 (PHOtoperiod Responsive 1) was identified through its positive regulatory role during GA signalling (Amador et al., 2001) before being confirmed as a U-box protein (Monte et al., 2003) . PHOR1 was originally identified through its photoperiod-dependent up-regulation, and antisense suppression of PHOR1 produced semi-dwarf plants with higher endogenous GA levels and decreased sensitivity to exogenous GA, all phenotypes indicative of impaired GA responsiveness (Amador et al., 2001) . Conversely, PHOR1-over-expressing lines showed increased sensitivity to exogenous GA applications and increased resistance to the effects of paclobutrazol, a GA biosynthesis inhibitor, during internode elongation, both indicative of enhanced GA responsiveness (Amador et al., 2001) . Having shown the various effects on GA responses being mediated through the down-regulation and upregulation of PHOR1, it will be interesting to see if AtPUB27, 28 and 29 (HIM3, 1 and 2), the Arabidopsis PUB proteins most similar to StPHOR1, will have similar roles in GA responses in Arabidopsis (Monte et al., 2003; Thomas and Sun, 2004) .
With the role of PHOR1 during GA responses in potato, the question arises as to whether other PUB proteins are involved in phytohormone responses. The observation that several plant hormones stimulate the expression of a number of AtPUB genes ( Fig. 2A ) serves as a nice starting point in determining whether any other hormone-related regulation by PUB proteins might be occurring. For example, the AtPUB9 gene is responsive to ABA treatment ( Fig. 2A) , and, using this information, a connection was subsequently established between AtPUB9 and ABA responses (Samuel et al., 2008) . AtPUB9 was found to relocalize from the nucleus to the plasma membrane with ABA treatment, Arabidopsis thaliana Cell death in pub12 pub13 pub14 mutants --AtPUB44
Arabidopsis thaliana Cell death in pub44 seedlings (Salt and Goring, unpublished data) -- (Goda et al., 2008) . (B, C) AtPUB expression profiles in response to various abiotic stress treatments on wild-type seedlings in the shoots (B) and roots (C). For the cold osmotic and salt treatments, samples are shown at 0.5, 1, 3, 6, 12, and 24 h. For drought, UV-B, and wounding treatments, samples are shown at 0.25, 0.5, 1, 3, 6, 12 and 24 h. For heat treatment, samples are shown at 0.25, 0.5, 1, 3, 4, 6, 12, and 24 h (Bauer et al., 2007) . (D) AtPUB expression profiles in response to pathogen infections or elicitor treatments. Pseudomonas syringae pv. tomato DC3000 (Psy DC) and Pseudomonas syringae pv. phaseolicola (Psy ph) infections are shown at 2, 6, and 24 h. Elicitor treatments are shown for the following treatments (at 1 h and 4 h): Flg22, GST control, GST-NPP1, HrpZ, LPS, and MgCl control. Phytophthora infestans (Pi) infections are shown at 6, 12, and 24 h. Botrytis cinerea (Bc) infections are shown at 18 h and 48 h. Heat maps from the AtGenExpress Consortium datasets (Bauer et al., 2007; Goda et al., 2008) were generated at the Bio-Array Resource website (bar.utoronto.ca; Toufighi et al., 2005) and include AtPUB genes which showed increased expression profiles under the selected conditions. AtPUB4, 31, 38, 39, 41, 46, 47, 54, 61 , and 62 were not present on the microarrays. For the gene identifiers (AtG numbers) associated with the AtPUB protein names, please refer to www.arabidopsis.org and Wiborg et al. (2008) .
Plant U-box E3 ubiquitin ligases | 1113 following transient expression in tobacco BY-2 cells. Arabidopsis pub9 knockout lines also showed hypersensitivity to ABA during seed germination assays. Crosses between the ABA-insensitive abi3-6 mutant and the pub9 mutant found that the abi3-6 phenotype was epistatic to pub9 in seed germination assays (Samuel et al., 2008) .
PUB proteins implicated in controlling responses during abiotic stresses
The first indication of PUB genes being up-regulated during abiotic stress responses came from a study in mangrove (Bruguiera gymnorrhiza) that examined genes expressed in response to salt treatment (Banzai et al., 2002) . The context of this study was to identify salinity tolerance genes, given the ability of mangroves to survive in high salt growth environments. One PUB gene, BgBG55, was discovered to have a transient increase in expression in response to salt treatment. There are a large number of AtPUB genes that are up-regulated in the microarray expression datasets for salt treatment (Fig. 2B , C), and this includes AtPUB6, 7, and 45 which are most closely related to BgBG55 (Samuel et al., 2006) . Interestingly, there are other AtPUB genes that are more strongly up-regulated in the root with salt treatment including AtPUB19, 23, 24, 26, 27, 29, 48 , and 58 (Fig. 2C) . The microarray expression datasets also show that many of these AtPUB genes are up-regulated by other abiotic stresses such as cold, osmotic stress, drought, UV-B, wounding, and heat treatment as well (Fig. 2B, C) . With AtPUB genes showing increased expression in response to a range of abiotic stresses (Fig. 2B, C) , the implication is that these proteins have a role in mediating ubiquitin-directed protein degradation in adaptation-related responses to various environmental stresses. The question then arises as to the nature of their biological functions during these abiotic stresses.
In hot pepper (Capsicum annuum L. cv. Pukang), CaPUB1 was identified through its enhanced expression during dehydration, and transgenic Arabidopsis plants were used to model for the function of this gene. Over-expression of CaPUB1 in Arabidopsis showed increased drought and salt sensitivity (Cho et al., 2006) . For the Arabidopsis CaPUB1 orthologues, AtPUB22 and AtPUB23, a similar correlation was seen with drought-sensitivity in overexpressing AtPUB22 and AtPUB23 plants versus droughttolerance in the pub22 and pub23 double knockout mutants (Cho et al., 2008) . Based on the induction of these PUB genes in response to cold, drought, and salt treatments, it has been generalized that these E3 ligases may function as regulators during various abiotic stress responses (Cho et al., 2006 (Cho et al., , 2008 .
AtCHIP, the sole TPR-repeat PUB, is named after its sequence conservation to animal CHIP proteins, and, like the animal CHIPs, AtCHIP interacts with cytosolic HSP70 chaperones (Ballinger et al., 1999; Shen et al., 2007b) . With its gene up-regulation upon temperature stress, AtCHIP is thought to co-ordinate cellular responses to tolerate stress conditions (Dai et al., 2003; Yan et al., 2003; Qian et al., 2006) . However, unlike CHIP over-expression which conferred stress protection and recovery in animal cells (Dai et al., 2003) , Arabidopsis CHIP over-expression led to an increase in sensitivity to temperature stress and the stress hormone, ABA (Yan et al., 2003; Christmann et al., 2004; Luo et al., 2006) .
The involvement of several PUB proteins in defence responses to various plant pathogens
The plant function with the most PUB associations has been related to pathogen defence and the hypersensitive response (HR). The first example emerged from the ACRE (Avr9/Cf-9 Rapidly Elicited) gene expression analysis in tobacco (Nicotiana tabacum) where genes showing upregulation in response to treatment with the fungal pathogen (Cladosporium fulvum)-derived Avr9 peptide were identified. NtACRE74 and NtACRE276 were two PUB genes discovered in this study (Durrant et al., 2000) . U-box genes in parsley (PcCMPG1), and Arabidopsis (AtPUB20/ CMPG1) were also shown to be early defence response genes activated immediately after pathogen-derived elicitor treatment (Kirsch et al., 2001; Heise et al., 2002) . Another study was subsequently conducted in Arabidopsis to identify FLARE (FLAgellin Rapidly Elicited) genes which show increased expression in response to treatment with the flg22 peptide, a conserved component of bacterial flagellin involved in activating the innate immunity response (Navarro et al., 2004) . AtPUB21/AtPUB20 (CMPG1, NtACRE74) and AtPUB17 (NtACRE276) were also present in the FLARE dataset along with AtPUB12 and AtPUB5 (Navarro et al., 2004) . In fact, many AtPUB genes are observed to be upregulated in response to various pathogen and elicitor treatments (Fig. 2D) , and the involvement of these proteins in plant defence responses will probably prove to be an even more prevalent phenomenon in this family.
Both CMPG1 and ACRE276/PUB17 were subsequently confirmed to be U-box E3 ligases which act as positive regulators of the hypersensitive response in response to pathogenic infections Yang et al., 2006) . When NtCMPG1 (NtACRE74) was silenced in N. benthamiana, there was a reduced HR following treatment with Avr9 while over-expression of NtCMPG1 resulted in a stronger HR following Avr9 treatment. The silencing of SlCMPG1 in Solanum lycopersicum led to decreased resistance to C. fulvum . Similarly, there was an association between silencing NtACRE276 with reduced HR and silencing SlACRE276 with decreased resistance to C. fulvum (Yang et al., 2006) . Transgenic expression of the most similar Arabidopsis protein to NtACRE276, AtPUB17 (previously identified by BnARC1 similarity), in ACRE276-silenced tobacco plants rescued the hypersensitive response. pub17 knockout Arabidopsis plants also displayed decreased resistance to avirulent Pseudomonas syringae pv. tomato (Yang et al., 2006) . The identification of CMPG1 and ACRE276/PUB17 proteins as positive regulators of the hypersensitive response is in juxtaposition with the regulatory role uncovered for the rice (Oryza sativa) SPL11 (SPotted Leaf 11) gene. SPL11 was found to be a negative regulator of HR-associated leaf lesion formation and pathogenic defence (Zeng et al., 2004) . The spl11 mutation was originally identified through a rice lesion mimic mutant, which is characterized by the spontaneous appearance of disease lesions formed in the absence of pathogenic stimuli (Singh et al., 1995) . Further characterization revealed increased resistance to multiple fungal and bacterial pathogens (Yin et al., 2000) , and the SPL11 protein identity as a PUB and activity as an E3 ubiquitin ligase was subsequently determined (Zeng et al., 2004) . For the OsSPL11-related Arabidopsis genes, AtPUB12, 13, and 14, the phenotypic analysis of knockout lines uncovered a stunted growth phenotype and non-pathogen-induced cell death (Zeng, 2005) .
Another group of negative regulators of plant defence responses, AtPUB22, 23, and 24, were recently discovered by Trujillo et al. (2008) . These genes show increased expression following flg22 treatment as well as after infection with Pseudomonas syringae and Hyaloperonospora parasitica (Trujillo et al., 2008) . The Arabidopsis pub22 pub23 double mutant showed increased oxidative burst, a plant defence response involving a rapid and temporary generation of reactive oxygen species (ROS) (Trujillo et al., 2008) . The inclusion of a third knockout, pub24, further enhanced this response, and the pub22 pub23 pub24 triple knockout showed increased resistance to bacterial and oomycete pathogens with increased oxidative burst and cell death occurring as part of this response (Trujillo et al., 2008) . Interestingly, the pub22 pub23 double knockouts were previously shown to have increased drought tolerance (Cho et al., 2008; described above), and thus, it appears that these PUB proteins act as negative regulators of both abiotic stress and plant defence responses.
U-box proteins as pathogen virulence factors: use of the plant ubiquitination machinery for pathogenic advantage
Some bacterial pathogens have come to exploit a host plant's existing ubiquitin proteasome system for their own benefit. The plant pathogen, Pseudomonas syringae pv. tomato DC3000, uses a type III secretion system to inject the AvrPtoB effector into host cells where this bacterial virulence factor mediates the suppression of the plant immune response by evading the plant's cell death and basal defence responses (Abramovitch and Martin, 2005; de Torres et al., 2006) . This bacterial effector was found to be a U-box E3 ligase that is functional in plant hosts where the ligase activity was necessary to inhibit cell death and immunity in plants and ensure bacterial virulence Abramovitch et al., 2006) . Thus, AvrPtoB is an example of a pathogen evolving molecular mimicry of host proteins, and may provide further insight into the functions of PUB proteins.
Before PUB proteins: identifying activators of the E3 ligases
Along with identifying the biological roles of predicted PUB proteins, understanding how these E3 ligases are activated is an equally important step in the elucidation of their physiological functions. For a few PUB proteins, this activation step has been uncovered and linked to receptor kinases (Table 1) . For example, ARC1, a positive regulator of Brassica self-incompatibility protein (described above), was originally identified in a screen for proteins interacting with the active SRK kinase domain and binds to the phosphorylated kinase domain through its ARM domain (Gu et al., 1998) . The active SRK kinase domain can also cause ARC1 to relocalize from the cytosol to ER-associated proteasomes when transiently expressed in tobacco BY-2 cells (Stone et al., 2003) . A second kinase in Brassica selfincompatibility signalling, MLPK, also causes the relocalization of ARC1 to the perinuclear region and quite efficiently phosphorylates ARC1 in vitro, suggesting that MLPK may co-regulate ARC1 in conjunction with SRK (Samuel et al., 2008) .
Consistent with the Brassica SRK-ARC1 interaction, NtPUB4 was subsequently found to interact via its ARM domain to CHRK1 (CHitinase-related Receptor-like Kinase-1; Kim et al., 2003) . CHRK1 has been associated with cell proliferation and differentiation, and cytokinin homeostasis . NtPUB4 has no known biological function, but its interaction with CHRK1 suggests that NtPUB4 is involved in ubiquitination during the CHRK1-mediated signalling pathway. While chitinase-like extracellular domains have not been identified in the predicted Arabidopsis receptor kinase family, the CHRK1 kinase domain shares the highest sequence similarity to that found in the Arabidopsis S-Domain-1 (SD1) receptor kinase subfamily (Shiu and Bleecker, 2001) . Brassica SRK is also a member of this subfamily (Dwyer et al., 1994; Shiu and Bleecker, 2003) . Following up with these correlations, kinase domains from several SD1 receptor kinases were found to interact with and phosphorylate ARM domains from Arabidopsis PUB proteins in vitro (Samuel et al., 2008) . While specific one-to-one interactions were not observed within the selected SD1 kinase domains and the AtPUB ARM domains, more discriminating effects were observed on subcellular distribution patterns. For example, both the ARK1 and ARK2 kinase domains interacted and phosphorylated the AtPUB9 ARM domain; however, when transiently co-expressed in tobacco BY2 cells, the ARK2 kinase relocalized AtPUB9 from the nucleus to the cytosol while ARK1 kinase relocalized AtPUB9 to the plasma membrane. Interestingly, the plasma membrane distribution of AtPUB9 matched the effects of ABA treatment on AtPUB9, and both ark1 and pub9 Arabidopsis knockout lines were found to be hypersensitive to ABA in germination assays (Samuel et al., 2008) .
After PUB proteins: identifying ubiquitination targets
A critical component to understanding PUB E3 ligase functions is in identifying their target substrates. Interactions studies have been successfully used to identify candidates (Table 1) , and in vitro ubiquitination assays can be used to confirm the ability of E3 ligases to ubiquitinate these potential substrates (Cho et al., 2006 (Cho et al., , 2008 Shen et al., 2007a, b) . For example, interaction studies with CaPUB1 and AtPUB22 were used to pull out RPN6 and RPN12a, respectively; subunits found in the 19S regulatory particle of the proteasome (Cho et al., 2006 (Cho et al., , 2008 . CaPUB1 and AtPUB22 and 23 are proposed to be negative regulators of the abiotic stress responses with loss-of-function mutants conferring drought tolerance, and over-expression of these genes resulted in hypersensitivity to salt and drought stress (Cho et al., 2006 (Cho et al., , 2008 . AtPUB22 and 23 have also been implicated in biotic stress responses with the pub22 pub23 pub24 triple knockout mutants displaying increased reactive oxygen species generation, cell death, and resistance to plant pathogens (Trujillo et al., 2008) .
Some perplexing aspects are why these PUB proteins are targeting subunits of the 19S regulatory particle, and why the loss of PUB22, 23, and 24 is correlated with increased tolerance or resistance to various stresses while increased expression of these genes is observed in response to these same stresses (Cho et al., 2008; Fig. 2) . The consequence of reducing the levels of the 19S regulatory particle can be seen in Arabidopsis loss-of-function mutants for the RPT2a, RPN10, and RPN12a subunits . These mutants were found to have reduced levels of the 26S proteasome, and this was associated with increased sensitivity to high temperature stress attributable to a reduction in the ubiquitin-mediated degradation of misfolded proteins . Thus, the observed dissociation of the RPN12a subunits from the 19S regulatory particle seen in plants over-expressing either AtPUB22 or AtPUB23 would be consistent with a reduction in 26S proteasome function which is needed for the environmental stress responses (Cho et al., 2008) .
Another phenotype observed in the rpt2a, rpn10, and rpn12a mutants was increased oxidative stress protection that could be correlated to 19S regulatory particle assembly being affected . This is attributed to the fact that proteolysis by the 20S core particle is associated with ubiquitin-independent degradation of oxidized proteins and can occur without the regulation of the 19S particle. This oxidative stress tolerance phenotype is consistent with the observed increase in reactive oxygen species generation in the pub22 pub23 pub24 triple knockout mutants and could be the basis of their increased drought resistance. In addition, oxidized proteins, as a result of reactive oxygen species present in the cellular environment, act as signals to activate cell death seen during plant immunity (Trujillo et al., 2008) . What has been suggested is that by having E3 ubiquitin ligases modulate the ubiquitinproteasome pathway itself, through the 19S regulatory particle subunit-targetting action of certain PUBs to alter the regulatory aspect of the 26S proteasome, this selfregulatory loop is a way to finely adjust the ubiquitindependent and ubiquitin-independent protein degradation governing any cellular functions that need to be balanced in response to plant adaption to any general stresses.
AtCHIP is another PUB protein thought to have a role in environmental stress responses, and the first two AtCHIPinteractors to be identified were two regulatory A subunits, PP2AA3 and RCN1/PP2AA1, of the type 2A protein phosphatase (PP2A; Luo et al., 2006) . PP2A is a ubiquitous protein phosphatase with links to broad functions in the plant, including carbon metabolism as well as ABA and stress responses (Kwak et al., 2002; reviewed in DeLong, 2006) . The rcn1 mutants have previously been found to have an ABA insensitivity phenotype as well as a decrease in PP2A activity (Deruere et al., 1999; Kwak et al., 2002) . By contrast, plants over-expressing AtCHIP have increased PP2A activity and ABA sensitivity (Luo et al., 2006) .
More recent research on other target proteins of AtCHIP has revealed an additional and novel role for AtCHIP in the regulation of protein degradation in the chloroplast. AtCHIP was found to interact with two protease subunits, ClpP4 and FtsH1 (Luo et al., 2006; Shen et al., 2007a, b) . ClpP4 is a core subunit of the Clp protease which is involved in degrading proteins in the chloroplast stroma (Shen et al., 2007a) . FtsH1 is a subunit of the FtsH protease complex which is believed to degrade misfolded or damaged membrane proteins in the chloroplast thylakoid membranes as part of the repair mechanism during photoinhibition damage (Shen et al., 2007b) . Interestingly, the AtCHIPover-expressing plants displayed both a cell death phenotype and increased production of reactive oxygen species in leaves when grown under the high-intensity light conditions (Shen et al., 2007b) . In the case of FtsH1, the conditional cell death of AtCHIP-over-expressing plants is thought to be due to the reduced FtsH protease activity which is correlated with increased levels of one of the FtsH protease substrates, damaged D1 protein, and, in turn, is thought to cause over-production of reactive oxygen species (Shen et al., 2007b) . From these results, the idea is presented that AtCHIP targets the FtsH protease complex under normal conditions, but not under high-light stress where the protease complex is involved in the repair of PSII oxidative photorecovery (Sakamoto et al., 2003) . In the case of ClpP4, AtCHIP is suggested to promote ClpP4 degradation under high-intensity light stress conditions, and as a result, downregulate the Clp protease under these conditions (Shen et al., 2007a) . The Clp protease in turn has been found to degrade chlorophyllide a oxygenase (CAO), an enzyme responsible for chlorophyll b biosynthesis (Nakagawara et al., 2007) . The synthesis of chlorophyll b by CAO is dynamically regulated to optimize the absorption of light energy by photosystem II under differing light conditions . While the Clp protease acts as a negative regulator of CAO under differing light conditions and chlorophyll b levels, it does remains to be seen if AtCHIP plays a part in the dynamic control of photosynthetic complexes to gather sufficient light energy.
Tomato Fen is a proposed substrate for AvrPtoB, the bacterial E3 used by the Pseudomonas pathogen to hijack the plants ubiqutination system to turn against the host in favour of the invader. Following the scenario that bacterial U-box protein AvrPtoB could be targeting plant proteins necessary for activating plant defence responses, a dominant-negative form of AvrPtoB was used to pull out Fen and was shown to be the target of this effector protein (Rosebrock et al., 2007) . Fen is related to the Pto kinase resistance gene family (Martin et al., 1994) . The original Pto kinase was found on its ability to confer plant immunity against pathogenic infection by recognizing specific avirulence proteins and mounting an assortment of plant defence responses that was dependent on kinase activity (Pedley and Martin, 2003) . But while Fen has been shown to be an active kinase (Chang et al., 2002) , research on Fen's role during pathogenic resistance has been limited. The discovery that plant protein Fen is a bacterial E3 target substrate during plant defence evasion and the subsequent immunity activation characterization have confirmed the involvement of Fen as a positive regulator during plant immunity responses in tomato (Rosebrock et al., 2007) . Thus, it appears that bacterial E3 effector AvrPtoB targets Fen for ubiquitin-mediated degradation and, as a result, inactivates Fen and the plant defences normally illicited by this kinase, allowing for pathogen invasion.
SPIN1 (SPL11-INteracting protein 1) has been found to be a substrate that interacts with and is ubiquitinated by SPL11 (Vega-Sanchez et al., 2008) . While SPL11 was originally identified through a lesion mimic screen (Zeng et al., 2004) , the spl11 rice plants were also found to display delayed flowering under long-day conditions, and it is in this latter role that SPIN1 is linked to SPL11 (Vega-Sanchez et al., 2008) . SPIN1 belongs to the STAR family of RNA binding proteins, and interacts with and is mono-ubiquitinated by SPL11, but does not appear to be targeted for degradation (Vega-Sanchez et al., 2008) . In keeping with the delayed flowering phenotype of the spl11 mutants, rice plants over-expressing SPIN1 showed a delayed flowering time that was day length-independent. SPIN1 RNA levels are diurnally regulated, and SPL11 appears to play a role in this with altered accumulation of SPIN mRNA present in the spl11 mutants (Vega-Sanchez et al., 2008) . Characterizing SPIN1 function during or even beyond the scope of flowering time will be of interest to researchers interested in understanding the function of plant U-box protein SPL11.
Emerging themes to PUB function
As the number of PUB proteins associated with more defined biological functions increases, broadened observations in both their common elements and their variations in mechanistic action can further our understanding of their regulatory roles as E3 ligases. In addition, the identification of putative protein targets broadens our understanding of the diverse regulatory and physiological processes governed by these PUB proteins. One of the themes emerging from this research is the regulation of cell death as a frequent element of PUB action. In plants, cell death is an integral part of plant growth and development including seed and embryo development; leaf (shape, senescence), stem (tracheary elements), and root (root cap, aerenchyma) development; and flowering and reproduction (anther dehiscence, female gametophyte development, self-incompatibility, petal senescence) (reviewed in Rogers, 2005) . Cell death also occurs as part of plant responses to biotic and abiotic stresses (reviewed in Love et al., 2008; Reape et al., 2008) . As such, it would not be farfetched to assume that, given their large numbers and variety, PUB proteins might be involved in many of these processes. From the cell death seen in the AtCHIP-over-expressing plants to the alterations associated with ACRE276, AtPUB17, CMPG1, and OsSPL11 genes during the hypersensitive response, the question arises as to the mechanisms driving these phenotypes. While some of the PUB-associated cell death phenotypes may be genuinely related to programmed cell death or autophagy, other cases may be more related to the disruption in plant homeostasis (Love et al., 2008; Reape et al., 2008) .
A second theme is the concept of PUB proteins as molecular chaperones or co-chaperones as well as E3 ligases. This potential dual function provides a model for plants to respond during perturbations to homeostasis as well as after the restoration of homeostasis. The issue of homeostasis imbalance brings up the concept that organisms need to be capable of adjusting their regulatory mechanisms in adaptation to external perturbations. Adverse physiological conditions often increase the need for protein chaperones to prevent detrimental aggregation of proteins as part of cellular survival. Protein chaperones function to co-ordinate the refolding of misfolded or unfolded proteins, and U-box proteins have been associated with this function (Hatakeyama et al., 2004) . For example, AtPUB49 has been found to have peptidyl-prolyl isomerase (PPIase) activity which is a chaperone-like activity known to accelerate protein folding (Schmid, 1995; Wiborg et al., 2008) . AtPUB49 is also a functional E3 ligase and, thus, could mediate either the ubiquitination/degradation of misand unfolded proteins or their refolding as a chaperone protein. The co-ordination of both of these activities could very well represent a balance between protein folding and degradation.
AtCHIP is another U-box protein associated with chaperone activity as the mammalian CHIP protein has been shown to interact with heat shock proteins and promote protein ubiquitination/degradation during stress responses (Murata et al., 2001; Hatakeyama and Nakayama, 2003) . CHIP acts as both a co-chaperone to Hsp70 function and as an E3 ligase to target Hsp70 for degradation; consequently, providing a sophisticated level of regulation to allow for chaperone function during stress conditions and then to attenuate this function when recovery from stress occurs (Qian et al., 2006) . So far, AtCHIP has not been found to have an analogous role, and contrary to increased temperature stress tolerance being correlated with increased CHIP expression, AtCHIP-overexpressing plants are more sensitive to low-and hightemperature stresses (Yan et al., 2003) . The decreased stress tolerance associated with increased AtCHIP expression could be attributed to a loss of Hsp chaperone activity; however, AtCHIP appears to regulate substrates other than heat shock proteins (described above).
A third theme surrounds the question of the type of E3 ligase activity carried out by U-box proteins. That is, do they promote poly-ubiquitination and subsequent degradation of the substrate proteins, and/or mono-ubiquitination and subsequent modification of the target protein's localization, activity or interactions (Hicke, 2001; Schnell and Hicke, 2003) ? In vitro ubiquitination assays with PUB proteins and their putative substrates have revealed both poly-ubiquitination and mono-ubiquitination activity in this family of plant E3 ligases. For example, OsSPL11 was found to mono-ubiquitinate SPIN1 (Vega-Sanchez et al., 2008) while AtPUB22/23 poly-ubiquitinated RPN12a (Cho et al., 2008) . AtCHIP was found to have both activities with the mono-ubiquitination of both PP2AA3 and RCN1, and the poly-ubiquitination of both ClpP4 and FtsH1 in vitro (Luo et al., 2006; Shen et al., 2007a, b) . For SPIN1, PP2AA3, and RCN1, the over-expression of the respective PUB proteins did not appear to affect their protein levels suggesting that mono-ubiquitination may be modifying their function instead (Luo et al., 2006; Vega-Sanchez et al., 2008) . Instead, it has been suggested that the monoubiquitination by AtCHIP may alter the interactions of these A subunits with the B or C subunits of PP2A rather than target them for degradation, and this may then alter the levels of PP2A protein phosphatase activity in planta. By contrast, over-expression of AtCHIP was associated with decreased ClpP4 and FtsH1 levels under high-intensity light conditions suggesting that poly-ubiquitination was leading to protein degradation (Shen et al., 2007a, b) . However, over-expression of AtPUB22/23 did not change RPN12a levels, but did appear to alter the interaction of various 19S regulatory particle subunits. This suggests that poly-ubiquitination was altering RPN12a function and may be related to the emerging trend of Lys-63-linked polyubiquitination governing non-proteolytic signalling (Cho et al., 2008) . Thus overall, the early indications are that PUB proteins may mediate a range of ubiquitin modifications to their substrates.
The final theme is on the importance of context in driving interactions when multiple binding partners have been identified. For example, the discovery of several targets of AtCHIP points to the possibility of multiple ubiquitination roles for this E3 ligase during plant responses (Luo et al., 2006) . The precise function of AtCHIP may be dependent on the context of gene expression, protein localization, and the surrounding environmental conditions. Another example is the detection of multiple interactions between kinase domains and ARM domains from SD1 receptor kinases and AtPUB proteins, respectively (Samuel et al., 2008) . Specificity in these interactions may, in part, be imposed by expression patterns and specific signalling events leading to receptor activation. However, the notion of linear signalling rarely exists in biological systems, and the interplay between different signalling proteins can play critical roles in finetuning responses. In the context of the SD1 receptor kinases and AtPUB-ARM proteins, differences could start to be discerned when subcellular distribution patterns were examined for the PUB proteins. For example, the steady-state localization pattern of AtPUB9 is in the nucleus, when transiently expressed in tobacco BY2 cells. The co-expression of the active ARK2 kinase relocalized AtPUB9 to the cytosol while the ARK1 kinase relocalized AtPUB9 to the plasma membrane (Samuel et al., 2008) . Thus, one potential mechanism of regulating PUB protein activity is through the stimuli-directed localization of these proteins to different subcellular compartments, and the fine-tuning of these distribution patterns with multiple stimuli.
Future perspectives
As plant genomes continue to be sequenced, the diversity in the PUB E3 gene families will probably expand and continue to uncover PUB genes with species-specific functions as well as elucidating the more conserved members of this family. Using Arabidopsis and all its available resources, including the microarray expression databases, will also continue to be important discovery tools in uncovering novel functions and verifying the variety of processes that U-box mediated-ubiquitination govern. Identifying the upstream signals and players and the downstream target substrates will possibly unravel complex patterns of interactions, but also help in expanding our understanding of PUB functions. The early indications that PUB proteins may mediate a range of ubiquitination events (i.e. mono-or poly-ubiquitination) and outcomes (i.e. altered substrate function versus degradation) do need further exploration in determining their modes of action. The fact that the expression of PUB genes can be altered by a range of stimuli (e.g. Fig. 2 ) and that PUB proteins are starting to be linked to multiple traits (e.g. AtPUB22, 23) may suggest that they regulate conserved cellular processes required for multiple plant responses. Meanwhile, the exploration of common themes such as cell death will undoubtedly help to uncover the basic cellular mechanisms that are shared by members of the PUB family in these responses.
